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NOMENCLATURE

Water Tunnel Test
Aref reference wing area
b wing span
Cn momentum coefficient of blowing = mj Vj/ q Aref
Cn yawing moment coefficient = YM / q Aref b
f wing rock frequency
k reduced frequency =t fb / Veo
L reference length = total length of the model
LF left forebody vortex (from a pilot's view point)
LW left wing vortex (from a pilot's view point)
mj mass flow rate of the blowing jet
q free-stream dynamic pressure
RF right forebody vortex
RW right wing vortex
t* convective time =t Voo / |
Voo free-stream velocity
Vj average exit velocity of the blowing jet
a, AOA angle of attack
()] azimuth angle (from the windward meridian)
] roll angle
YM yawing moment
in nel T
Cl rolling moment coefficient = RM / q Aref b
Cl(b) body axis rolling moment coefficient
Cn(b) body axis yawing moment coefficient
CN body axis normal force coefficient
CcY body axis side force coefficient
Cp pressure coefficient
ACp difference between Cp on the left and right wings
B sideslip angle
RM rolling moment
Ixx moment of inertia
L/R60 blowing on the left /right side with a reservoir pressure of 60 psi
B60 blowing on both sides with a reservoir pressure of 60 psi
Phi dot first derivative of roll angle with respect to time (angular velocity)

Phi ddot second derivative of roll angle with respect to time
(angular acceleration)
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SUMMARY

Free-to-roll tests were conducted in a water tunnel and in a wind tunnel in an
effort to investigate in detail the mechanisms of wing rock on a NASP-type vehicle.
The configuration tested consisted of a highly-siender forebody and a 78° swept
delta wing. In the water tunnel, extensive flow visualization was performed and roll
angle histories were obtained. The fluid mechanisms governing the wing rock motion
of this configuration were identified. Different means of suppressing wing rock by
controlling the forebody vortices using small blowing jets were also explored.
Steady blowing was found to be capable of suppressing wing rock, but significant
vortex asymmetries had to be induced at the same time. On the other hand,
alternating pulsed blowing on the left and right sides of the forebody was
demonstrated to be a potentially effective means of suppressing wing rock and
eliminating large asymmetric moments at high angles of attack. in the wind tunnel
test, the roll angle, forces and moments, and limited forebody and wing surface
pressures were measured during the wing rock motion. A limit cycle oscillation was
observed for angles of attack between 22° and 30°. The amplitude of the motion was
smaller for the tail off configuration, denoting a strong interaction between the
forebody vortices and the vertical tail. In general, the wind tunnel test confirmed that
the main flow phenomena responsible for the wing-body-tail wing rock are the
interactions between the forebody and the wing vortices. The variation of roll
acceleration (determined from the second derivative of the roll angle time history)
with roll angle clearly showed the energy balance necessary to sustain the limit cycle
oscillation. Various blowing techniques were also evaluated in this test as means of
wing rock suppression. Blowing tangentially aft from leeward side nozzles near the
forebody tip can damp the roll motion at low blowing rates and stop it completely at
higher blowing rates. At the high rates, the disadvantages of aft blowing as a wing
rock control method observed in the water tunnel were confirmed in this test, i.e.,
significant vortex asymmetries are created, causing the model to stop at a non-zero
roll angle. Forward blowing and alternating pulsed blowing appear to be more
efficient techniques for suppressing wing rock, in the sense that the motion can be
damped at lower blowing rates and, apparently, without large asymmetries as
denoted by the roll angle at which the model stops. In general, good agreement is
observed between the results of the water tunnel and wind tunnel tests.



AERODYNAMI NTROL OF NASP-TYPE VEHICLE
THROUGH VORTEX MANIPULATION

YOLUME Hil: WING ROCK EXPERIMENTS

1.0  INTRODUCTION

Modern fighter aircraft are operating in a flight regime that requires maximum
maneuverability and controllability to be effective in the combat arena. One of the
limitations to combat effectiveness for all fighter aircraft is the phenomenon of wing
rock -- a moderate to high angle-of-attack dynamic motion manifested primarily in a
limit-cycle oscillation in roll with, in some cases, a coupled oscillation in yaw.
Generally, the onset of wing rock is attributed to a loss of stability in the lateral/
directional mode. Wing rock is also a phenomenon experienced by configurations with
highly-swept wings at moderate angles of attack. Configurations considered for
supersonic to hypersonic speeds, such as NASP, may be susceptible to wing rock
problems at low speeds and the moderate and high angles of attack associated with
take off and landing.

The aerodynamics of wing rock have been studied extensively; however, this
event is not thoroughly understood. On a modern fighter configuration, wing rock can
simultaneously involve many different aerodynamic phenomena. On straight or
moderately swept wings, the flow mechanism causing wing rock is closely related to
dynamic stalll. During the wing rock motion, the left and right wings experience
alternatively aerodynamic phenomena that are akin to the up and down pitching
phases of a dynamic stall. On highly-swept delta wings, the susceptibility to wing rock
is determined by the vortex interaction as dictated by the strength and proximity of the
leading edge vortices. While vortex characteristics such as vortex liftoff and
breakdown can significantly affect the intensity of wing rock, their existence is not
necessary for sustaining wing rock. Results from different studies (e.g., Ref. 2) have
shown that the time-lag associated with vortex strength or position alone is sufficient to
sustain wing rock.

At high angles of attack, the vortices emanating from the forebody of an aircraft
can be very strong. Studies3:4 have shown that these vortices are primarily
responsible for wing rock in this flight regime. While this form of wing rock is
undoubtedly configuration dependent, it is generally believed that interactions
between asymmetric forebody vortices and the other surfaces on the aircraft at sideslip
conditions are the main mechanisms that drive the motion. If an aircraft is perturbed
when flying at a high angle of attack and begins to roll, a sideslip is induced.
Depending on the forebody geometry, significant asymmetries can be induced in the
forebody vortices even at relatively small sideslip angles. These asymmetric vortices
then act on surfaces such as the wings and the tails to produce a rolling moment. The
variation of the vortex asymmetry induced by the aircraft motion eventually produces a
restoring rolling moment, thereby leading to limit-cycle wing rock. The results of Ref. 3
on a generic fighter show that the forebody shapes that provide the highest levels of



static stability may also cause the highest susceptibility to wing rock and vice versa.
Once the rocking motion is initiated, dynamic flow phenomena over the moderately-
swept wings and highly-swept LEX's may also contribute to the building-up of wing
rock.

Attempts have been made in recent years on specific aircraft configurations®.8
using a variety of both controls-oriented and aerodynamic fixes to cure wing-rock
problems. For instance, the wind tunnel and drop-test results in Ref. 7 indicate that the
X-29A aircraft exhibits negative roll damping at angles of attack above about 18°. A
conventional roll damper can eliminate wing rock below about a = 35°, but is
ineffective at higher angles of attack where wing rock is induced by forebody vortices.
The loss of effectiveness of a conventional roll damper at high angle of attack is likely
to be common for many modern fighters and can severely limit aircraft capabilities in a
rather critical flight regime. Even if the conventional control surfaces, such as the
aileron and rudder, can effectively control wing rock, the level of control power
remaining for maneuvering may be insufficient to meet the high-angle-of-attack
maneuverability requirements. On the configuration investigated in this report,
representative of a supersonic or hypersonic transport such as NASP, the reduction of
the vertical tail might be desirable to reduce weight and drag and to improve high-
speed performance. An alternative source for roll stability control would help to solve
the wing rock problem.

The powerful forebody vortices are one of the main causes of aircraft
instabilities at high angles of attack. An effective means of suppressing the instabilities
in this flight regime is therefore to directly control these vortices. Recent research
efforts on fighter-type aircraft indicated that some of the most promising methods for
Forebody Vortex Control (FVC) are movable forebody strakes8, rotatable nose-tip®
and nose-boom devices10, and blowing on the forebody surface. Two main forms of
blowing have been studied: (1) blowing from a localized jet8,11.12 and (2) blowing
from a tangential slot12-14, In either form, blowing was found to be highly effective in
controlling the vortex orientation. The Phase | technical results of this research
program (Ref. 15) showed that it is potentially feasible to utilize vortex manipulation
with blowing to provide the necessary control forces for a NASP-type configuration at
low speeds.

Up to now, however, most of the studies of FVC have concentrated on
directional control. In situations where wing rock is induced by the forebody vortices,
FVC obviously would have an impact on the wing rock motion. The basic idea behind
the present study was not only to study the mechanism of wing rock in detail, but to
determine if blowing can be used as a practical method for suppressing the wing rock
motion as well. The experiments were intended to reveal if controlling the vortex
asymmetries during wing rock can induce sufficiently strong roll damping so that the
limit-cycle motion can be suppressed, and to identify an effective means of control.

Tests were performed both in a water tunnel and in a wind tunnel on a model of
a generic NASP-type configuration. The model possesses characteristics that may be
considered as similar to certain forebody/leading edge extension (LEX) and missile



forebody/canard combinations. It is important to note that at the time the research
contract with NASA was awarded, there was no specific design for the NASP yet
selected. The models used in the preceding SBIR Phase | study and in this
investigation (SBIR Phase |l Contract) are based on drawings of a generic, preliminary
NASP configuration provided by the duPont Aerospace Co., Inc. The configuration that
now appears from the consolidated NASP design team, however, is significantly
different. Even though it still has highly-swept wings, the fuselage has a blunt
forebody, so the lateral/directional stability problems will be different. This by no
means diminishes the value of this research program; the general results obtained in
this study can be applied to similar configurations, such as the High Speed Civil
Transport (HSCT) or any other supersonic/hypersonic advanced configuration.
Despite the dissimilarity between the current NASP and the configurations used in this
investigation, the models will still be referred to as NASP-type configurations.

This SBIR Phase |l research effort includes static and dynamic (free-to-roll)
experiments. Water tunnel and wind tunnel static tests are discussed in Volumes | and
I, respectively. It is the intention of this report (Volume lil of a Final Report) to
summarize the results of the wing rock experiments performed first in the Eidetics
water tunnel and later in the NASA Ames Research Center 7 x 10 ft wind tunnel.

20 WATERTUNNEL TEST
2.1 Technical Objectives

The specific objectives of the water tunnel test were:

1. Investigate possible causes of wing rock on this highly-slender forebody-
wing configuration.

2. Study the vortex flows over the wing and forebody during wing rock.

3. Explore the effectiveness of forebody vortex control in the form of blowing

jets operating near the forebody tip in controlling the wing rock of this configuration.

A detailed flow visualization of phenomena related to the causes of wing rock
was obtained in the water tunnel tests. The roll angle history was obtained from the
video-taped data. The method of FVC used in this study was blowing from small jets
near the tip of the forebody. Two methods of blowing were investigated: (1) steady
blowing and (2) alternating pulsed blowing from both sides of the forebody.

2.2 Experimental Setup

The experiment was conducted in the Eidetics 2436 Flow Visualization Water
Tunnel. The facility is a continuous flow tunnel with a horizontal test section 0.91 m
high x 0.61 m wide x 1.83 m long (36" x 24" x 72"). The test section is a channel
constructed of tempered glass that allows both side and planform views. In addition, a
downstream transverse window provides an upstream end view. The tunnel speed



can be varied from 0 to 30 cm/sec. Most of the tests were conducted at a flow speed of
about 20.3 cm/sec (8 in/sec). A pressurized dye-injection system was used for flow
visualization. Dye patterns created by the model flow field were recorded using both a
35-mm camera and a 3/4-in. video tape recorder. The vortex flow was visualized
using either regular flood-light or a laser sheet. Selected video recordings were
digitized using a video digitizer, and the resulting images were enhanced and
analyzed on a Macintosh computer.

A sketch of the model is shown in Fig. 1. The forebody of the model has a
length-to-base-diameter ratio of 6, and was circular in cross-section with a projected
side-profile as shown which resulted in a nominal apex angle of about 18.5°. The tip
of the model was rounded off slightly. The wings were sharp-edge delta wings with a
78° sweep. Tests were conducted on the model with no vertical tail, or with one of the
two different tails shown in Fig. 1. Blowing ports were located near the tip of the
forebody 1.9 cm (0.75 in) from the apex, with the 0.76 mm (0.03 in) diameter nozzles
pointing directly aft along the ® = +150° meridians. The blowing fluid was supplied by
a pressurized canister and metered by a rotometer. Blowing on the left and right sides
were turned on or off by fast-acting solenoid valves. Indicator lights of different colors,
positioned to appear in the video recording, were used to indicate when the left and/or
right blowings were on. For the pulsed blowing, the steady blowing rate was set
initially with the valve opened. Dye ports were located along the windward sides of
the forebody and the wings.

Two bearings spanned on a mounting bracket along the centerline of the
fuselage allow a single degree-of-freedom, *free-to-roll* motion about the body axis.
The model was balanced so that its center of gravity aligned closely with the roll axis.
The roll angle was indicated by markings at the tail end of the model and a pointer on
the support sting. Close-up video recordings of the tail end during wing rock allowed
the roll angle history to be obtained in subsequent data processing.

The free-to-roll experiments were conducted at angles of attack from 0° to 30°.
Additional tests at higher angles of attack were conducted for specific configurations.
All the free-to-roll tests were started with the model being released from near the zero-
roll position. The time history of roll motion and flow behaviors were recorded on
video tapes. Blowing was initiated after the model had either reached an equilibrium
steady position or a limit cycle wing rock motion, and the subsequent motions were
recorded.

3.0 WATER TUNNEL TEST RESULTS AND DISCUSSION

3.1 Il Angle Hi

Tests were performed with the model mounted on the free-to-roll bracket to
investigate the effect of releasing the constraint on the roll axis. Three model
configurations were tested: the model with no vertical tail (Model O), with tail A (Model
A), and with tail B (Model B). A roll angle that results in a clock-wise motion with a



right-wing-down attitude is designated as positive; a left-wing-down attitude is
negative.

Figures 2a - 2d show the roll angle history at different angles of attack for Model
O. The result at a = 20° is shown in Fig. 2a. For a's below 23°, the model will roll to a
certain negative (left-wing-down) roll angle when released from rest. However, no
wing rock was observed. Therefore, the natural flow/model asymmetry causes the
model to roll to a negative roll position that is both statically and dynamically stable in
roll. Above a = 23°, as shown by the results of a = 24°, 25° and 29° in Figs. 2b, 2c and
2d, respectively, a limit-cycle wing rock occurs with the amplitude increasing with the
angle of attack. Beyond the angle of attack range where wing rock initially occurs, the
model oscillates in a relatively regular frequency about a negative mean roll position.
The time required to establish a limit-cycle wing-rock motion decreases with angle of
attack - an indication of a reduction in roll damping. At higher angles of attack, the limit
cycle behavior is usually established within about one cycle of motion. The roll angle
history results of Models A and B are qualitatively similar to those of Model O, as seen
in Figs. 3 and 4, respectively.

3.2 Contributions of Model Components to Wing Rock

It is of interest to determine the roles of various components in the wing-rock
motion of this model. Figure 5 shows the peak-to-peak wing rock amplitudes for the
three models as a function of angle of attack. As demonstrated in Fig. 5, the presence
of a vertical tail delays the onset and reduces the amplitude of wing rock. One of the
principle effects of the vertical tail is therefore to provide additional roll damping. The
results, however, also show that a larger tail (tail B) can result in less overall roll
damping than a smaller one (tail A). This suggests that interaction between the tail
surface and the flow around other parts of the model can be an important factor to wing
rock. Nevertheless, the results indicate that the net effect of a vertical tail is to increase
roll damping. Figure 6 shows the reduced frequency as a function of the angle of
attack. Below o of about 28° the presence of a vertical tail increases the wing rock
frequency, indicating an increase in the static lateral stability. Above a of about 28°,
effects of the tail on the amplitude and frequency are reduced significantly, probably a
result of the tail being enveloped in the wake of the wing and fuselage.

Tests were performed with the forebody removed and the fuselage operating in
a flow-through mode to study the role of the wings in wing rock. Flow visualization did
not reveal any strong direct effects on the wing vortices due to the removal of the
forebody. Obviously, the interaction between the forebody and wing vortices at higher
angles of attack is absent. At conditions where the forebody vortices are strongly
asymmetric, such as the case of o = 30°, interaction between the vortices causes
vortex breakdown to occur over only one of the wings as described earlier. Removal
of the forebody, on the other hand, results in vortex breakdown over both wings. Thus,
one effect of the interaction between the forebody and wing vortices is to delay vortex
breakdown over one wing.



Without the forebody, no wing rock was observed over the range of angles of
attack tested (up to 50°). Any roll motion induced by random disturbances was readily
damped out. Thus, in the absence of the forebody, the wing flow alone is not capable
of establishing a limit-cycle wing-rock motion. In comparison, a pure delta wing with
the same sweep (i.e., without a fuselage component) can be expected to wing rock for
an angle of attack range from about 24° to 50°.

Since the forebody and fuselage are circular in cross-section, the asymmetry in
surface pressure cannot induce a roll moment about the centrally located roll axis on
the body alone. Thus, except for possibly a small effect from the skin friction, the
above results suggested that wing rock of this configuration was induced by
interactions between the forebody vortices and the wing or tail surfaces of the model.
To understand the process more thoroughly, flow visualization was used to study the
vortex flow in detail.

Figure 7 shows an example of the off-surface flow over Model A during wing
rock at a = 29°. Through the wing rock cycle, the forebody vortices lift off alternatively
from the body surface. A strong convective time-lag was observed with the vortex lift-
off. Strong interactions between the forebody and the wing vortices can also be
observed, especially towards the trailing half of the wings. Due to the natural forebody
flow asymmetry, the main interactions are concentrated over the right wing with the
rear portion of the wing vortex being lifted farther from the wing surface. Selected
photos in Fig. 8 complement the digitized images and show the vortex interactions in
more detail.

Figure 9 shows the laser sheet visualization results at model Station B during
wing rock at a = 29°. At this station, there is very little direct interaction between the
forebody and wing vortices. The left and right forebody vortices lift alternatively from
the surface during the wing rock motion. On the other hand, positions of the left and
right wing vortices relative to the respective wings do not change significantly. There
is an absence of the distinct vortex lift-off behavior commonly observed on highly-
swept flat plate delta wings during wing rock (e.g., Ref. 2). These vortex flow behaviors
persist until farther downstream where the forebody vortex asymmetry develops
sufficiently for the forebody vortices to interact directly with the wing vortices, such as
the case at Station C.

Figure 10 shows the laser sheet visualization results at model station C during
one cycle of wing rock motion at o = 29°. At t* = 0 (arbitrary starting time), the wing
vortices are approximately symmetric at this station while the forebody vortices are
highly asymmetric with the right vortex at a high position. Att* = 0.29, vortex
breakdown propagates upstream of the left wing trailing edge and crosses Station C.
A negative rolling motion is generated, causing the model to roll in a counter clockwise
direction. During this phase of the model motion, the right forebody vortex moves
continuously towards the surface. Contrary to what may be expected for pure delta
wings, at t* = 0.60 vortex breakdown over the left and thus windward wing moves
downstream of the trailing edge. This breakdown behavior is apparently a result of the
interaction between the forebody and wing vortices. At t* > 0.60, the left forebody



vortex begins to lift farther off the surface than the right vortex. Att* =0.77, the
forebody vortices become highly asymmetric with the left forebody vortex at a position
far from the surface. Vortex breakdown briefly moves upstream of the trailing edge of
the right wing but does not seem to have significant effects on the roll motion. The
model continues to roll in the counter clockwise direction until t* = 1.14. At this t*, the
right forebody vortex begins to move underneath the right wing vortex and the right
wing vortex begins to lift off the surface. The processes continue, and at t* = 1.28 the
left vortex begins to move towards the right wing. From t* = 1.32 to 1.36, both forebody
vortices are residing over the right wing. Correspondingly, the right wing vortex is
lifted farther from the wing surface. During the sequence of events from t* = 1.14 to
1.46, a positive rolling moment is produced to eventually induce a positive (clockwise)
rolling motion. Note that a clockwise rolling moment is generated when the forebody
vortices are both residing over the right wing. Therefore, the rolling moment that may
have been generated by these vortices acting on the right wing is apparently small
compared with that generated by the wing vortices. As the positive roll motion
progresses, the forebody vortices move to the left with the right forebody vortex
continuing to lift from the surface at the same time. Att* = 1.76, one cycle of wing rock
motion is approximately completed.

Thus, flow visualization reveals that a combination of the breakdown of the left
wing vortex and the lift-off of the right wing vortex is sustaining the wing rock motion.
As indicated by both the static and dynamic results, interactions between the forebody
and wing vortices are the primary mechanism that drives this process. Even though
the wing vortices seem to provide the necessary rolling moments for wing rock, the
behavior of the wing vortices and their relationship to the wing motion is controlled
mainly by the behavior of the forebody vortices.

3.3 r in k For win

Since the forebody vortices are controlling the wing rock of this configuration, a
means of suppressing the wing rock motion is to directly control the forebody vortices.
Two methods of control were investigated: steady and alternating forebody jet blowing.
Examples of the results are shown below.

3.3.1 Steady Blowing

Figure 11 shows the effect of blowing on the roll angle history of Model O. At
a = 20°, shown in Fig. 11a, blowing on the left side causes the model to roll from the
naturally negative roll position to a positive roll position. At this condition, wing rock
does not occur with or without blowing. The cases of a = 24°, 25° and 29° in Figs. 11b,
¢ and d, respectively, show the condition where wing rock occurs naturally without
blowing. Under this condition, the wing rock motion can be damped within about one
cycle of motion by steady blowing on either side of the forebody. The blowing has to
be above a certain blowing rate that is dependent on the angle of attack and natural
flow asymmetry. However, it is not possible to suppress wing rock while maintaining a
zero-roll position. Blowing on the left side forces the left forebody vortex to be closer to
the fuselage and wing on that side, creating a higher suction over the left wing and



causing the model roll to the right to a new orientation where the rolling moment is
zero. Results for Models A and B, are similar to those of Model O, as seen in Fig. 12 for
o =29°

Flow visualization results shown in Fig. 13 reveal that steady blowing on either
side of the forebody suppresses wing rock by "locking" the forebody vortex asymmetry
into a pattern that prevents the forebody vortices from freely interacting with the wing
vortices. In addition to the non-zero roll angle, an adverse yawing moment will most
likely result from the highly asymmetric forebody vortex pattern. These side effects
may make this means of control undesirable, because some other means, perhaps
conventional control surfaces, would have to be employed to bring the wings level.

An attempt was made to eliminate the vortex asymmetry while simultaneously
suppressing wing rock by blowing on both sides of the forebody. In this experiment,
blowing on one side was fixed initially at a rate that would suppress wing rock. After
steady state was reached for the blowing condition, blowing on the other side was
turned on. The model motion and vortex flow were observed and, at selected
conditions, the roll angle history was determined. Examples of roll angle history of the
cases of fixing the blowing rate on the left side and varying the blowing on the right are
shown in Figs. 14 and 15.

In Fig. 14, the left blowing is fixed at Cn=027x 10-3 - a rate that is just
sufficient to suppress wing rock with left blowing alone. Increasing the right blowing
from Cy, = 0to 0.02 x 10-3 causes the model to roll initially in the negative direction,
but the effect diminishes and the steady-state model behavior is essentially the same
as left blowing alone. Increasing the right blowing to Cp = 0.2 x 10-3 again causes the
model to roll initially in the negative direction. However, a wing rock motion with a bias
towards negative roll is eventually established. The peak-to-peak wing-rock amplitude
is about 22°, compared with 35° for the no-blowing case. At a right-blowing rate of C
= 0.27 x 10-3, the model rolls initially to a negative angle of about 20°. Eventually, the
model reaches a steady-state roll angle of -10° after a relativecly long transient period.
The behaviors with right-side blowing rates of Cu=0.46 x 10°° and 0.77 x 1079 are
essentially the same, except that the transient period decreases and the magnitude of
the steady-state roll angle increases with increasing blowing.

In Fig. 15, the left blowing is fixed at Cu=0.46 x 10-3 - a rate that is higher than
needed to suppress wing rock. Increasing the right blowing from Cn=0100.27 x 10-3
has no effect on the roll angle. At a right blowing rate of Cp=0.46 x 1073, the model
rolls in the negative direction upon turning on the blowing and eventually reaches a
ste%dy-state negative roll angle. The behavior at a right-side blowing Cp of 0.77 x
10-° is similar.

The simultaneous steady blowing results show that the configuration becomes
unstable in roll and starts to rock when the blowing rates on the two sides are adjusted
to maintain a near symmetric forebody vortex pattern. That is, without creating a
sufficiently large forebody vortex asymmetry that minimizes interactions between the
forebody and wing vortices, wing rock will persist. One of the reasons for this behavior



is revealed by the flow visualization of the static model (see Volume | of this report).
When the forebody flow is forced by blowing to become almost symmetric at high
angles of attack, a strong interaction between the forebody and wing vortices occurs.
This vortex interaction, as has been demonstrated, is the mechanism responsible for
wing rock of this model. Thus, using steady blowing to suppress wing rock but without
creating a large forebody vortex asymmetry may not be feasible for this configuration.

3.3.2 Alternating Pulsed Blowing

Since steady blowing cannot be used to achieve wing rock suppression without
potentially undesirable aerodynamic side effects, another means of control based on
pulsed blowing was attempted. Blowing on the left and right sides was alternatively
switched on and off. There were two main limitations with the present experimental
setup. First, the square-wave depiction is a highly idealized representation of the
actual situation. Even though the solenoid valves are relatively fast-acting, there are
always transient lags associated with turning on and off the blowing. Second, the
present experimental set-up allowed only manual control of the solenoid valves and
the actual pulsing rate was determined afterward from the video recording based on
the indicator lights. Even though the pulsing rates in most cases tumned out to be
surprisingly steady and controlled, the scheme did not allow very fine control of the
rate. Nevertheless, the results do demonstrate (at least qualitatively) the potential of
such a control scheme.

At slow alternating rates, the blowing does not have significant effects on wing
rock. The wing rock amplitude begins to decrease when the rate is increased. The
trend continues and at sufficiently high alternating rates (in this case, approximately
8 pulses per wing rock cycle, or every 0.25 t ), wing rock is completely suppressed.
Figure 16 shows an example of the off-surface flow visualization results of blowing at
such an alternating rate. In the flow visualization the vortices show a wavy pattern,
likely due to the convective time lag associated with pulsed blowing on both sides.
Most importantly, as opposed to steady blowing at the same peak rates either
individually or simultaneously on the left and right sides, a zero-roll position is
maintained while at the same time wing rock is suppressed.

Results of laser sheet visualization at Stations B and C of Model A, at a. = 29°
and pulsing the blowing at a frequency that appears to be the most efficient for
suppressing the motion, are shown in Fig. 17. At Station B, the forebody vortices
oscillate between two asymmetric patterns with smaller degrees of asymmetry than the
case without blowing. There is no direct interaction between the forebody and wing
vortices just as in the case without blowing. Thus, the effect of alternating pulsed
blowing has relatively minor effects on the vortex behaviors at this station. In
comparison, at Station C where, without blowing, the forebody vortices interact
strongly with the wing vortices, the blowing has much stronger effects on the flow. The
forebody vortices again oscillate between two asymmetric patterns with smaller
degrees of asymmetry than the case without blowing. The forebody vortex asymmetry
never develops sufficiently to result in strong interactions with the wing vortices.
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Therefore, the mechanism responsible for the wing rock of this configuration is
suppressed.

Thus, the source of wing rock for this configuration is eliminated while at the
same time maintaining a zero-roll attitude by alternating pulsed blowing on the left and
right sides. The forebody vortex flow can be considered to be symmetric on a time-
averaged basis. In addition, the natural vortex asymmetric at any given instant is
significantly reduced. At sufficiently high pulsing rates, another potential benefit of this
control scheme can be the alleviation of asymmetric yawing moments at high angles of
attack.

4.0 WIND TUNNEL TEST
4.1 Technical Objectives

Following the water tunnel tests, this configuration was also tested in the wind
tunnel to investigate the expected wing rock characteristics and to evaluate the
potential of blowing as a method for controlling wing rock.

The specific objectives of the wind tunnel test were:

1. Measure the roll-oscillation amplitude and frequency over an angle of
attack range from 0° to 30°.

2. Measure surface pressures during the wing rock motion. Endevco
dynamic pressure transducers were utilized on the wing and a PSI pressure system
was used to measure static pressures at selected locations on the forebody.

3. Perform limited force and moment measurements.

4, Evaluate different blowing techniques as means of wing rock
suppression.

4.2 Experimental Setup

The experiments were conducted in the NASA Ames 7 x 10 Foot Wind Tunnel. It
is a closed-throat, single return atmospheric tunne! with about 10% air exchange
accomplished by means of a ventilating tower. The tunnel is powered by a single 8-
blade, 8.5 m (28 ft) diameter fan driven by a 1600 HP synchronous motor located in
the nacelle in the return passage.

The model used in this test (which was twice the scale of the water tunnel
model), can be seen in Figs. 18 and 19. Two low-friction bearings (Fig. 19a) allow the
model to rotate "freely” around its longitudinal axis. A rotational transducer is used to
measure the roll angle history and mechanical stops prevent the model from rolling a
complete turn. An electro-magnetic brake was used to release the model from the
static position, and later to stop the wing rock motion. Two basic configurations were
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tested: tail on and tail off. Each configuration is statically mass-balanced in roll by
means of lead weights bolted to the top stringers.

The forebody of the model is provided with three rings of static pressure ports at
F.S. 7.6 cm, 20.3 cm and 47 cm (3", 8" and 18.5"). The first two stations have 20 static
pressure ports each, while the last station has 8 ports on the leeward side. A PSI
system (electronic pressure scanner) was used to monitor the surface pressures at
each of the ports during the wing rock motion. Endevco dynamic pressure transducers,
located on each wing at 93 cm and 118.4 cm (36.6" and 46.6") from the tip, provided
wing pressure data. A 6-component sting balance was utilized to acquire force data.

The blowing ports are located at F.S. 3.2 cm (1.25%) and at @ = 150° radially, as
seen in Fig. 19b. Two different blowing schemes were tested: aft blowing and forward
blowing. The blowing was controlled by two fast-acting solenoid valves (Fig. 19¢). The
total pressure and temperature in a chamber very close to each of the nozzle exits
were measured to determine the mass flow rate and the blowing coefficient Cp. The
interference of the blowing lines with the wing rock motion was minimized by leaving a
large service loop behind the model.

Even though the static tests on this configuration were performed earlier at a
dynamic pressure q = 1915 Pa (40 psf), most of the wing rock experiments were
conducted at a dynamic pressure range from 718 Pa (15 psf) to 1436 Pa (30 psf) to
avoid exciting the resonance frequency of the model/balance/sting system (7.9 Hz).
This dynamic pressure range corresponds to free stream velocities between 35 m/sec
and 48.5 m/sec, and Reynolds numbers from 280,000 to 400,000 based on the body
diameter. The test was performed for an angle of attack range from 0° to 30° and for a
sideslip angle range from -10° to 10°. The model is sting mounted in the center of the
test section with the wings in the vertical plane (Fig. 19d).

5.0 WIND TUNNEL TEST RESULTS AND DISCUSSION
5.1  Roll Angle History

The angular displacement transducer was used to measure the roll angle
during the wing rock motion at different angles of attack. Data were acquired during 3
seconds at 200 samples/second/channel, providing an accurate roll angle history.
Data were also taken with an OscilloGraph Recorder (OGR) for longer periods of time
to investigate wing rock build-up and wing rock suppression by blowing.

5.1.1 Tail On Configuration

Data from OGR strips for the wing rock motion at different angles of attack at
q = 958 Pa are presented in Fig. 20. In this graph, time t = O corresponds to the release
of the brake, illustrating the complete wing rock build-up. The wing rock behavior is
established within the first cycle, but it takes 4 or 5 cycles, or approximately 1.5
seconds, for the motion to reach its maximum amplitude.
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Detailed roll angle histories at various angles of attack are shown in Figs. 21, 22
and 23 for different dynamic pressures: 718 Pa, 958 Pa and 1436 Pa (15 psf, 20 psf
and 30 psf), respectively. Time t = 0 on these graphs does not correspond to the
release of the brake. The roll angle, forces and pressures were measured for three
seconds after the wing rock motion was well established. In general, the wing rock
motion starts at o = 22°; for angles of attack below 22°, the model either rolls to a
position that is statically and dynamically stable, or experiences a very irregular
motion. A multi-exposure photo (Fig. 24) illustrates the limit cycle motion at o = 30°.

Figure 25 shows a comparison between the maximum peak-to-peak amplitude
for the runs at different dynamic pressures. The curves for the two low dynamic
pressures present similar trends, even though the amplitude of the oscillations is
smaller and the wing rock motion appears to start later at the lowest q. Both curves
show a maximum peak-to-peak amplitude at o = 28° (74° and 84°, forq =718 Pa
and 958 Pa, respectively). At q= 1436 Pa, trends are similar up to a = 25°, but
noticeable differences appear at higher angles of attack. The maximum amplitude at
this condition occurs earlier, at o = 26°, and that is followed by a dramatic decrease in
the wing rock amplitude, especially at o = 30°. Differences may be attributed to the fact
that the model was vibrating significantly at this higher dynamic pressure. These
vibrations can strongly influence the vortex flow field and the vortex interactions, which
are principally responsible for the wing rock motion.

In general, the frequency of wing rock increases with angle of attack (from 2 Hz
to 3 Hz between o = 20° and 30° at q = 958 Pa), as seen in Fig. 26a. The roll motion
equation: [(Ixx) (¥) = RM = (Cl) (q) (Aref) (b)],

with ¢ being proportional to 2, would indicate that, if Cl were the same at the different
q levels, then the wing rock frequency f would be proportional to the free stream
velocity V... Figure 26b (cross-plot of the data shown in Fig. 26a) reveals slight non-
linearities for some angles of attack (between 24° and 30°). The reduced frequency
curves for the same conditions (Fig. 27a) do not collapse together, and the cross-plot
presented in Fig. 27b clearly shows that the reduced frequency is not constant with
free stream velocity with the exception of a = 22°. This indicates that the wing rock
frequency is not a function of just the free stream velocity, but is also influenced by a
change in the total rolling moment coefficient, which varies with tunnel velocity or
Reynolds number. The reduced frequency of wing rock is significantly lower than in the
water tunnel test, but that is expected because of the difficulty in inertially scaling the
models for air and water in order to match the reduced frequencies.

The wing rock motion with a mean sideslip angle was also investigated. Results
for the cases at B = -5° and B = -10° are revealed in Figs. 28 and 29, respectively. At
low angles of attack (less than 20°), the model rolls to a stable position, which can
exceed a roll angle of 70° at o = 0°. Wing rock starts between 22° and 24° angle of
attack, and the maximum peak-to-peak amplitude of the motion is slightly smaller for
the sideslip conditions, as Fig. 30a indicates. A significant decrease in the wing rock
amplitude is observed at o = 30°. Another interesting difference is that the mean roll
angle, i.e., the angle halfway between peaks, increases with sideslip, varying from
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¢ = 0° for B = 0° to ¢ = 20° for B = -10° (Fig. 30b). Results of Ref. 16 show that a flat 80°
delta wing does not exhibit wing rock when a mean sideslip angle of 10° is introduced.
With a negative mean sideslip angle, this configuration exhibits a strong wing rock,
although the amplitude of the motion is smaller and the model assumes a right-wing-
down attitude. This is an indication of the differences between the wing rock
mechanisms, i.e., between slender wing rock (pure delta wing) and "body-wing-tail*
wing rock. The interactions among vortices and aircraft components are major
participants in the wing rock phenomena observed in this type of configuration.

5.1.2 Tail Off Configuration

The vertical tail was removed and the model was statically re-balanced in roll.
The wing rock motion for the tail off configuration presents similar characteristics, as
shown in Fig. 31. The major difference between the two configurations is illustrated by
comparing the plots in Fig. 32 with the appropriate plots in Fig. 20 (tail on). For angles
of attack below 30°, the limit cycle behavior for the tail off case takes longer to develop,
approximately 1 second. The interaction between the vertical tail and the forebody
vortices is an important contributor to wing rock. The absence of the tail appears to
delay the onset of the limit cycle oscillation, but once the motion is established, other
aerodynamic events are able to maintain the "rocking". At o = 30°, the strong natural
asymmetry is sufficient to trigger wing rock much faster; the motion is established
within one cycle, as in the tail on case.

Figure 33 reveals that the maximum peak-to-peak amplitude of wing rock is
smaller for the tail off configuration than for the tail on case. This contradicts the water
tunnel test results (Fig. 5), where it was found that the amplitude was larger for the tail
off configuration. The water tunnel test, however, also showed that the amplitude of
wing rock was larger for a configuration with a larger tail, denoting once again the
importance of the interaction between the forebody vortices and the vertical tail, and
probably, an effect of tail size. In the wind tunnel, only one vertical tail was tested,
therefore, no conclusions on tail size effects can be drawn. At this test condition, the
vortex/tail interactions appear to play a key role in the amplitude and development of
wing rock, and the net effect of the vertical tail is to decrease roll damping. The
difference in reduced frequencies between the water tunnel and wind tunnel tests
could be, in gart, responsible for the discrepancy in the motion amplitude. Brandon
and Nguyen® showed in a wind tunnel test that the removal of the vertical tail on a
generic fighter configuration (slender forebody-moderately swept wing) significantly
increased the amplitude of wing rock for angles of attack greater than 30°. Their data
also showed that for angles of attack below 30°, the amplitude of the wing rock motion
exhibited by the tail on and tail off configurations were similar, and in some cases,
such as at o = 24°, the amplitude of the motion for the no tail configuration was
smaller. This indicates that the interaction of the vortices and the vertical tail occurs at
low to moderate angles of attack. At higher a's, the interactions are minimized and the
vertical tail provides a stabilizing influence. Unfortunately, insufficient data are
available from this experiment to confirm this theory. The wing rock frequency and
reduced frequency for the tail off and tail on cases present no major differences (Figs.
34a and 34b).
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5.2 Phase Plots

The analysis of the motion obtained during the free-to-roll experiments provides
the means to estimate the roll angular velocity ¢ and the roll acceleration 9. The roll
angle data obtained with the rotational transducer were smoothed graphically and
then differentiated numerically, yielding ¢. The angular velocity data were smoothed
and differentiated again, and the roll acceleration was obtained. This acceleration ? is
proportional to the total aerodynamic rolling moment coefficient, so the behavior of the
rolling moment as a function of time or roll angle can be carefully investigated. The
plots of § vs. ¢ and P vs. ¢ are commonly referred to as phase plots.

Depicted in Fig. 35 are phase plots for one cycle of the wing rock motion at
o = 25° and q = 958 Pa. The roll angular velocity ¢ (Phi dot, in deg./sec.) shows the
expected behavior : starting at ¢ = 0°, the angular velocity is maximum. As the model
moves right-wing-down, the angular velocity decreases to zero when the model is at
the maximum roll angle. The motion reverses its direction and the velocity starts to
increase (negatively), reaching the maximum negative magnitude when the model is
at ¢ = 0° again. The roll angular acceleration ¢ (Phi ddot, in deg./sec.2), which closely
represents rolling moment, yields the typical wing rock hysteresis loops17,18 when
plotted as a function of roll angle. In this graph, a clockwise loop denotes an area
where energy is being added to the system, i.e., the oscillations are being driven
(destabilizing). The counter-clockwise loops near the maximum roll angle represent
areas where the system is consuming energy, and therefore the motion is being
damped (stabilizing). Figure 35b reveals that the areas contained within the
destabilizing and stabilizing loops are about equal, indicating an energy balance
which is required to sustain the limit cycle wing rock. The cross points in this plot are
roll angles at which the total roll damping goes to zero, and for this particular case,
they are -20° and 12°. The lack of symmetry in these roll angles for the right-wing-
down and left-wing-down portions of the cycle could be due to aerodynamic reasons
(asymmetric flow field) or mechanical reasons (non-constant bearing friction). Cycles
during the buildup phase of the wing rock motion at o = 25°, such as cycles 3and 4 in
Fig. 36, were also analyzed. In these cycles, energy is being fed to the system, and the
roll angle and the angular velocity are increasing, as Fig. 37a indicates. Larger
clockwise loops (destabilizing) in the rolling moment graph reveal the unbalance in
energy necessary to initiate the oscillatory motion.

As discussed in the previous section, the maximum amplitude of the wing rock
motion occurs at o = 28°, and the oscillations are very steady (Fig. 38). Any arbitrary
cycle during the motion exhibits similar characteristics. Figures 40 and 41 present roll
angular velocity and acceleration, respectively, for the cycles depicted in Fig. 39. The
shape and magnitude of the curves for each cycle are almost identical, denoting a very
steady oscillatory motion. The data for all the cycles at 28° angle of attack are
presented in Fig. 42,

The phase plots for a cycle at o = 30° and q = 958 Pa, illustrated in Fig. 43,
reveal similar characteristics. Small deformations in the $ vs. ¢ plot might indicate non-
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linearities in the restoring moment. A direct relationship between the roll angle and the
roll velocity and acceleration is presented in Fig. 44.

5.3 [ ri ing R

The balance-fixed normal and side forces were acquired also at 200
samples/second/channel, and later reduced and converted to body-fixed coordinates
by applying a simple transformation to account for the roll angle (recall that the
balance is fixed to the sting and that the model rolls about the balance). Tares and
balance interactions were not applied, and the actual magnitude of the coefficients
could present a small error. The actual magnitude, however, is not very important in
this case: the behavior of the forces and their relationship with the motion are the
useful information that these data will provide. Pressures were measured on the wings
with Endevco pressure transducers. Endevcos 7 and 9 are on the left wing, while
Endevcos 8 and 10 are on the right wing (Fig. 18). The pressures on the forebody
were monitored at selected ports using the PSI electronic pressure scanner.

5.3.1 Normal and Side Forces Changes During Wing Rock

Figures 45a and 45b present normal force and side force during the wing rock
motion at o = 28°, where the maximum amplitude occurs. As expected, the normal
force oscillates at twice the frequency of wing rock, with the maximum peaks observed
when the model is at ¢ = 0°. The normal force is minimum when the model reaches the
maximum positive or negative roll angles. There is an additional input to the normal
force gages as evidenced by the irregularity of the output plot. The frequency of this
additional component could be related to the model/balance/sting system structural
frequency (7.9 Hz), or it may be an aerodynamic input related to the interaction of the
forebody vortices with the vertical tail. This will be discussed further below. The side
force response to the roll motion is obviously quite different, as it should be. If there
was no influence on the balance side force gages other than the body normal force
component due to roll angle, then the side force would behave exactly like the roll
angle. If the side force is non zero at ¢ = 0°, either there is a lag in the response of the
flow field to the roll motion or there could be, for example, an interaction of the
forebody vortices with the vertical tail that induces a yawing moment and side force in
addition to that expected from the body normal force variation. Figure 45b indicates a
substantial input to the side force gages at zero roll angle. It is possible that the higher
frequency components of the balance output are related to the structural resonance
frequency of 7.9 Hz, but they appear to have a periodic regularity tied to the roll
motion, as would be expected if there were a vortex interaction phenomena taking
place. This notion of a vortex interaction with the tail is strongly supported by the data
in Fig. 46, where the vertical tail has been removed. In these figures, the irregularities
in the normal force output have nearly disappeared. The side force behavior is as
expected: zero (or near zero) at ¢ = 0° and maximum and minimum at the roll angle
extremes. There are still small disturbances in the overall side force output, but they
are minor compared to the total output level. This is strong evidence that the vertical
tail, even at o = 28°, plays a significant role in the body forces and moments during the
wing rock cycle. The hysteresis loops for the normal force CN and the side force CY for
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the tail on and tail off configurations (Fig. 47) also reveal a strong influence of the
vertical tail, as indicated by the difference in the shape of the curves in each case. The
variation observed in the normal and side forces with roll angle for the vertical tail off
configuration are very similar to data presented in Ref. 19 for a pure delta wing.

5.3.2 Forebody Pressure Distribution During Wing Rock

The forebody pressures at three ports located at station 1 (Fig. 18) at & = 0°,
144° (right side) and -144° (left side), are shown in Fig. 48a. Since the ports are
moving with the model, they can pass through regions of separated and attached
flows. The pressure outputs are actually showing local flow characteristics depending
on the position of the port. At the port located at the windward meridian (® =0°), the
pressure is fluctuating at twice the wing rock frequency as expected, with the maximum
pressure when the model is at ¢ = 0°. The pressures at the two other ports provide
interesting information. When the model has a right-wing-down attitude, the right
pressure port is probably in a region of attached flow, and the pressure remains
constant for most of this portion of the motion cycle. On the other hand, the pressure on
the left port presents more fluctuations and a higher value (actually, a less negative
value) for roll angles greater than 20°. In this roll angle range, the left port is in a region
of mostly separated flow. The opposite occurs in the left-wing-down portion of the
motion, even thought the magnitudes of the pressure differences are not the same
because of the initial vortex flow field asymmetry. The water tunnel test performed on
this configuration and the wind tunnel test on a generic fighter in Ref. 3 revealed that
the forebody vortices switch twice during each oscillation cycle, and during that
switching process, the vortices appear to wrap around one another. The pressures in
Fig. 48a are probably showing some of that vortex behavior, especially when the
model is at an approximately wings-level position. At forebody station 3, which is
farther away from the tip, the pressure data reveal similar characteristics, as illustrated
in Fig. 48b.

The pressure measurements from this test provide a way to analyze the
pressure distribution at selected forebody stations and selected roll angles during a
cycle of the wing rock motion. The wing rock at a = 25° is depicted again in Fig. 49,
and the pressure distribution at station 2 for cycle A is presented in Fig. 50 in the
following manner: the first two plots show pressure distributions at arbitrary roll angles
during the right-wing-down portion of the oscillation, one for the motion between o=0°
and the maximum roll angle and the other for the motion between the maximum
amplitude and ¢ = 0°. The left-wing-down portion is arranged similarly. A shift in the
pressures measured in the windward ports is evident from these data, clearly showing
the movement of the ports. Therefore, in order to get the actual forebody pressure
distribution in a wind tunnel fixed reference frame, the roll angle for each condition
was subtracted from the port geometric angular location. The pressures in Fig. 51 are
plotted as a function of this "corrected® azimuth. As expected, no major changes are
observed at the forebody region where the flow is still attached, as denoted by the
curves collapsing together for azimuth angles between 0° and 90° and between 270°
and 360°. If the forebody vortices were fixed in the wind tunne! reference system, the
curves would collapse together even between 90° and 270°. Major differences are
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observed in this forebody region, therefore, the forebody vortices are moving in this
reference frame. In Fig. 51a, when the model is at ¢ = 0°, the pressures are lower on
the right side, indicating a right-vortex-low asymmetry. This is very similar to the natural
asymmetric pattern found in the static test at this angle of attack (see Volume Ii of this
Final Report). As the model moves right-wing-down, the asymmetry in the pressures is
reversed, as seen when the model is at ¢ = 16°. It appears that the left vortex moves
closer to the surface while, at the same time, the right vortex moves farther away from
the body. As the roll oscillation progresses, the right vortex continues moving up, and a
maximum left-vortex-low asymmetry is observed when the model is close to the
maximum positive roll angle. When the motion reverses its direction (Fig. 51b), the left
vortex appears to remain static and the right vortex moves closer to the surface. The
asymmetry is reversed again and the vortex pattern at ¢ = 0° is very similar to the
starting condition in the previous figure. In the left-wing-down portion of the cycle (Figs.
51c and 51d), not much activity is observed. The rolling motion in this direction tends
to enhance the initial asymmetry, but apparently, the disturbance produced by the
oscillation is not enough to cause a much larger asymmetry. The right vortex stays
almost at the same position, while the left vortex moves up for roll angles between -30°
and -38°, reinforcing the right-vortex-low pattern.

The forebody pressure distribution during cycle A of the wing rock motion at
a = 30° (Fig. 52) is presented in Fig. 53 (versus uncorrected azimuth) and in Fig. 54
(versus corrected azimuth). Figure 54a reveals large forebody vortex movements.
Starting from a right-vortex-low pattern, the right vortex moves up and the left vortex
moves down, reversing the initial asymmetry completely when the model approaches
the maximum roll amplitude. The opposite occurs when the model goes to ¢ = 0°
again. Hysteresis is evident in the left-wing-down portion, where not much activity in
the vortex movement is observed. Another cycle, shown in Fig. 55 as cycle B, was
investigated to evaluate the repeatability of the pressure measurements, and the
results presented in Fig. 56 show strong consistency and agreement with the trends
observed for cycle A.

5.3.3 Wing P Distribution During Wing Rocl

The pressure measurements and the relationship with lift on the right and left
wing upper surfaces are extremely useful for understanding the wing rock mechanism.
Figures 57a and 57b present the pressure on the left and right wings at two different
stations during one cycle of motion at 28° angle of attack. A detailed analysis of Fig.
57b reveals that at ¢ = 0°, with the model moving in the direction of right-wing-down,
the pressure over the right wing (End. 10) is slightly higher (i.e., less negative) than
over the left wing (End. 9), which would be indicative of a net rolling moment in the
clockwise direction. At about 10° roll angle, the pressures are the same on both wings.
As the right wing continues moving down, the pressure starts building up on the left
wing and decreasing on the right wing, creating a negative rolling moment. This
restoring rolling moment retards the clockwise motion, and eventually, the model starts
moving in the opposite direction. When the model passes again through ¢ = 0° in the
opposite direction, the pressure on the left wing is still slightly higher than on the right
wing and the resulting moment is therefore still negative, continuing to drive the model
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in the left-wing-down direction. At approximately ¢ = -10°, the pressures are again
equal on both wings, and as the motion continues, the pressure on the right wing
increases and a positive rolling moment is induced. This rolling moment variation with
roll angle is the cause of the limit cycle motion classified as wing rock. Figures 57¢ and
57d show the same pressures plotted against roll angle. In both cases, a strong
hysteresis is observed, i.e., the pressure at a certain point is different at the same roll
angle depending on the direction of the rotation.

Another means of relating the rolling moment to the roll angle history is by
subtracting the pressure on the left wing from the pressure on the right wing at a
specific time and plotting it against time. It should be noted that this is only one
pressure location, and despite being indicative of the wing lift characteristics, it is not
an accurate measurement of the wing total loading. Figures 58a and 58b show ACp,
that closely represents the local rolling moment, at the two wing stations. The behavior
is similar in both figures: starting at ¢ = 0°, and with the right wing moving down, the
rolling moment starts to decrease from a slightly positive value to a negative value.
After reaching a maximum negative magnitude, ACp increases (absolute value
decreases) slightly until the model passes through the maximum roll angle, and then it
remains constant for most of the time the model presents a positive ¢. This rolling
moment retards the clockwise motion, and eventually forces the model to start moving
in the opposite direction. Before the model passes through ¢ = 0°, the rolling moment
starts increasing and it reaches a maximum positive value when the model is at
¢ = -30°. This positive moment retards the counter-clockwise rotation and forces the
model to roll in the opposite direction. Due to the lag in the rolling moment response to
the roll motion, a limit cycle oscillation, or wing rock, has been established.

Figures 58c and 58d present the same ACp data plotted against roll angle.
Since ACp is a close representation of the rolling moment, then these plots should be
similar to the hysteresis loops presented in Section 5.2. The difference in the areas of
the clockwise and counter-clockwise loops in Figs. 58c and 58d denotes an
unbalance in the total energy. This is due to the fact that the pressure measurement at
one wing location provides an indication of the rolling moment, but by no means
represents accurately the total rolling moment. Also, the friction in the roll bearings or
in the wiring and pressure lines attached to the model (energy consumed) are not
being accounted for in these graphs. Figures 59a-d present Cp and ACp data for the
case at a = 30°, and the trends and behavior are very similar to the data at o = 28°.

5.4 Effect of Blowing on Wing Rock

Blowing from small nozzles located near the tip of the model strongly influences
the vortex flow field both in the static case and in the one-degree-of-freedom wing
rock. The flow visualization performed in the water tunnel showed that the wing rock
mechanism depends on the communication between the forebody and wing vortices.
When blowing is turned on, this communication between the vortices is interrupted
and, eventually, a strong forebody vortex asymmetry is induced. The amplitude of the
motion is reduced significantly, and in some cases, wing rock is totally suppressed.
Even though flow visualization was not performed during the wind tunnel test, it seems
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that the mechanisms of wing rock and wing rock suppression with blowing are similar
to those observed in the water tunnel. Most of the blowing experiments were
performed at o = 25° and 30°. At this last angle of attack, a strong asymmetry in the
yawing moment curve was observed in the static tests, denoting a right-vortex-low
pattern. The following sections discuss in detail the effect of blowing on the wing rock
motion during the wind tunnel tests.

5.4.1 Aft Blowing - Tail On Configuration

Aft blowing strongly influences the vortex flow field at moderate and high angles
of attack, generating sizable forces and moments that can be utilized to enhance the
controllability of the aircraft (see Volume |l of this Final Report). As demonstrated in the
water tunnel test, aft blowing also has a strong effect on wing rock. Figure 60 presents
the roll angle history for the non-blowing case, and for the left, right and simultaneous
blowing cases at o = 25°. At this blowing coefficient (Cu = 0.0028), this technique is
not effective in stopping the motion completely but it reduces the amplitude of wing
rock significantly (about 35% of the non-blowing amplitude). At 30° angle of attack,
with the strong asymmetry in the baseline flow, the fluid mechanics resulting from
blowing on the left and the right-hand-sides are totally different, as observed in the
water tunnel test. Blowing on the left side means, in this case, blowing under the high
vortex, and the impact on the forebody vortex flow field is to eliminate and eventually
reverse the asymmetry. It appears that this blowing coefficient is not sufficient to
reverse the asymmetry, so the vortices are probably in a symmetric or close-to-
symmetric state. Therefore, the forebody vortices are still interacting with the wing
vortices and the motion cannot be stopped completely, although the amplitude is
again reduced (Fig. 61b). Blowing on the right-hand-side, or blowing under the low
vortex, is very efficient and totally suppresses wing rock, as seen in Fig. 61c. By
blowing under the low vortex, the asymmetry has probably been enhanced, and the
communication between the forebody and wing vortices has been greatly diminished.
The motion is stopped with the model presenting a right-wing-down attitude at a roll
angle of approximately 10°. Blowing on both sides simultaneously (Fig. 61d) does not
suppress the limit cycle behavior. Figure 62 shows OGR strip data at 30° angle of
attack for the three blowing conditions discussed above. Blowing on the left side and
on both sides simultaneously reduce the amplitude of the motion; blowing on the right
side completely damps the motion in about three cycles (1 second).

By increasing the blowing coefficient to Cp = 0.0037, or actually by running the
test at a lower dynamic pressure and blowing at the same total pressure, blowing
becomes very efficient for suppressing wing rock. Figure 63 reveals the results for non-
blowing, left, right, and simultaneous blowing at o = 25°. Blowing completely
suppresses the motion in all cases, with the only difference being the roll angle at
which the model stops. For the left blowing case, the model stops with a roll angle
o =-10° i.e., a left-wing-down attitude. For the other two cases, the model stops with
the wings almost at ¢ = 0°. The equilibrium roll angle for each of these cases will be
determined by the relative lift contributions of the left and right wings and the resulting
rolling moment. The lift contribution from each wing will depend strongly on the
influence of the forebody and wing vortices, which are affected significantly by the
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forebody jet blowing. This "bias" in the steady state roll angle in the wind tunnel tests
is in the opposite direction to that observed in the water tunnel test. In the water
tunnel, left side blowing suppressed the wing rock motion and the model roiled to a
steady positive roll angle (right wing down). Flow visualization in the water tunnel
showed that when blowing on the left side of the forebody, the left forebody vortex was
closer to the left wing than the right forebody vortex was to the right wing, thereby
resulting in higher suction on the left wing, producing a positive (right-wing-down) roll
angle. The locations of the wing vortices over each wing are not significantly different.
However, as a result of blowing on the left forebody, the left wing vortex bursts
somewhat forward of the wing trailing edge and the right wing vortex bursts behind the
trailing edge. If these were the only vortices affecting the lift, the difference in burst
location would usually imply that there would be more lift on the right wing than the left
wing (because the burst vortex over the left wing would result in less overall suction).
It appears that in this case, since the roll moment is positive rather than negative, the
asymmetric forebody vortices produced by the blowing are more dominant than the
resulting changes in the wing vortices and the result is a positive roll angle.

Since there was no flow visualization in the wind tunnel tests, it is impossible to
determine where the vortices are with respect to the model in order to compare to the
water tunnel tests. From the static yawing moment results, it is known that blowing on
the left produces a left yawing moment and negative rolling moment (left wing down).
The yawing moment result is consistent with a forebody vortex pattern where the left
vortex is closest to the forebody. On the basis of other water and wind tunnel tests on
generic fighter configurations, which have slender forebodies and wing leading-edge
extensions (LEX), the direction of the rolling moment (negative) is also consistent. In
past flow visualization experiments on generic fighters, blowing on the left forebody
resulted in the left forebody vortex being nearest the forebody and also nearer the
wing. This usually results in the wing LEX vortex on the left side bursting much farther
forward than the LEX vortex on the right, which could support an argument for less lift
on the left wing than the right wing thereby producing a negative rolling moment. This
same argument could support the wind tunnel results on the NASP model, where the
wing vortices are analogous to the wing LEX vortices on generic fighters.

Explanation of the difference responses in roll to forebody blowing between the
water and wind tunnel tests can only be speculated. As discussed above, the direction
of the roll moment and consequent response in determining a steady state bias in the
roll angle is influenced by both the forebody and wing vortices. The interaction of the
forebody and wing vortices with each other and with the wing surface is quite complex
and may be quite sensitive to Reynolds number, which differs by an order of
magnitude between the water and wind tunnel tests. The relative influence of the
forebody and wing vortices on the wing will be highly dependent on the vortex
strengths, positions relative to the wing upper surface, and the burst location. Even
though the equilibrium roll angle resulting from steady blowing is different in the water
tunnel and wind tunnel tests, the dynamic characteristics of the wing motion and the
influence of blowing are very similar.
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At 30° angle of attack, the trends are very similar to the previous case (Fig. 64).
Blowing suppresses wing rock completely, even when blowing under the high vortex;
it appears that this blowing coefficient is sufficient to switch the asymmetry and stop the
motion at a negative roll angle, as seen in Fig. 64b. Figure 65 shows OGR data of the
three blowing schemes at o = 30° and Cp = 0.0037, illustrating clearly the
effectiveness of blowing as a wing rock suppression method. It can be speculated that,
with further refinements, optimized nozzle location and the proper mass flow rate on
the left and right sides of the aircraft, the wing rock motion might be stopped without
the induced asymmetry and the resulting steady rolling moment.

Aft blowing was also investigated as a method for controlling the wing rock of
this configuration with a mean sideslip angle. At o = 30°, blowing at the high
Cp = 0.0037 stops the motion when blowing on the left, right and both sides (Figs. 66b,
¢ and d). The bias in the roll angle is magnified at this condition, but that is strongly
related to the natural bias in the mean roll angle observed for the non blowing cases.
The model stops the motion at ¢ = -5° when blowing on the left side, at ¢ = 10° when
the blowing is applied on both sides simultaneously, and at ¢ = 25° when blowing on
the right side.

5.4.2 Forward Blowing - Tail On Configuration

Forward blowing can also be used to modify the vortex flow field and the
lateral/directional characteristics of an aircraft. Many investigations (Ref. 8 and Volume
| of this Final Report) have reported that, for enhanced control forces and moments,
forward blowing is very unpredictable and that the changes in forces and moments are
non-linear with angle of attack or blowing coefficient. This study reveals that forward
blowing appears to be more effective than aft blowing in the sense that it can suppress
wing rock at the lower blowing coefficient (Cp. = 0.0028). An important point is that the
mechanism which appears to be significant in suppressing wing rock is the decoupling
of the forebody and wing vortices. Forward blowing, whether it produces larger or
smaller yawing and rolling moments than aft blowing, is more efficient at decoupling. It
is conceivable that the optimum blowing technique for wing rock suppression and
aerodynamic control for yaw and roll are not the same. Figure 67 shows left and right
blowing at o = 25° and 30°, and it is clear that both blowing cases (left and right)
reduce the amplitude of wing rock significantly. In spite of the fact that forward blowing
is never able to completely stop the motion at this blowing coefficient, the general
behavior of left and right blowing is more uniform than in the aft blowing case, i.e., it
appears to be indifferent whether the blowing is applied under the low vortex or under
the high vortex. For the same reason, no difference in the roll angle bias was observed
when using this blowing technique; for most cases, the model stops the motion at a
slightly positive roll angle.

5.4.3 Aft Blowing - Tail Off Configuration

As discussed in Section 5.1.2, the tail off configuration exhibits wing rock
between 22° and 30° angles of attack, although the amplitude of the motion is smaller
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than for the tail on configuration. The amplitude of the wing rock motion at o = 25° and
a = 30° is shown again in Figs. 68a and b, respectively.

Aft blowing on this configuration is very efficient in controlling wing rock, and
even blowing at Cp = 0.0028 provides adequate damping for the motion. The absence
of the tail makes it easier for blowing to stop the communication between vortices and
components. When the vertical tail is on, the forebody vortices can impinge on that
surface, complicating the elimination of vortex interactions. Figures 69a and 69b show
results of blowing on the left and right sides, respectively, with Cp = 0.0028 and at 25°
angle of attack. The motion is suppressed almost completely in both cases, and the
bias in the roll angle is observed again. Right blowing stops the model with a right-
wing-down attitude (positive roll angle) and vice versa. A similar behavior is shown in
Figs. 69¢ and 69d for o = 30°, with the model again stopping at a positive roll angle
when blowing on the right side and at a negative roll angle when blowing on the left
side. Figure 70 presents OGR strip data for two blowing cases: left blowing at o = 25°
and right blowing at o = 30°. It takes about 6 cycles for the motion to stop completely in
the first case, and about 3-4 cycles at 30° angle of attack.

5.4.4 Forward Blowing - Tail Off Configuration

Forward blowing was also investigated on this configuration. Figures 71a and
71b for a = 25°, and Figs. 71¢c and 71d for a = 30°, reveal that it is possible to suppress
the wing rock motion when blowing on the left or right sides with Cp = 0.0028. No bias
in the roll angle is observed at a. = 25° at 30° angle of attack, the motion is stopped
with the model assuming a right-wing-down attitude, especially when blowing on the
right-hand-side. Since no major differences were found between the tail on and tail off
cases, it appears that the mechanism by which forward blowing stops wing rock is less
dependent on the interaction between the forebody vortices and the vertical tail.

5.4.5 Alternating Pulsed Blowing

The results presented in the previous sections clearly showed that steady
blowing can efficiently control wing rock. However, the disadvantages of steady
blowing found in the water tunnel experiments were confirmed in this test: the model
does not stop with a wings-level attitude, resulting in large part from forebody vortex
asymmetries, which induce a steady rolling moment at ¢ = 0° (sideslip equals to zero).
Forward blowing appears to minimize these problems but it is not able to completely
suppress the motion. Aft blowing on both sides simultaneously suppresses wing rock
at an almost zero roll angle at o = 25°, but only when blowing at the highest Cy. In an
effort to eliminate these side effects, blowing was pulsed between the left and right
nozzles at several frequencies. The flow visualization performed in the water tunnel
showed that by pulsing the blowing, it is possible to stop the motion with a forebody
vortex pattern that, on a time-averaged basis, is symmetric.

Figure 72a shows again the limit cycle motion at o = 30°, and Figs. 72b - 72f

reveal the effect of pulsed blowing on wing rock when blowing with a Cu = 0.0028 at a
variety of frequencies. Pulsing the blowing between 6 and 9 Hz (2-3 times the wing

23



rock frequency) reduces the amplitude of the motion; however, pulsed blowing at
these frequencies is not able to damp the oscillations completely. When blowing at
frequencies close to the wing rock frequency, the wing rock motion can be either
enhanced or damped, depending on the phase relationship between the motion and
the blowing. The data presented in Fig. 72c show a larger wing rock amplitude than in
the non-blowing case when pulsing the blowing at 3 Hz (approximately the wing rock
frequency at o. = 30°). Blowing at frequencies higher than 9 Hz was not effective,
probably because the pulsing was too fast for the blowing pressure at the nozzles to
reach the required levels for effectiveness.

Figure 73 presents OGR data of the effect of pulsing the blowing at 6 Hz. The
amplitude of the motion is reduced, as noted in Fig. 72b, but the model still
experiences a limit cycle oscillation at approximately the same frequency as the
pulsing frequency (twice the wing rock frequency). The blowing signals reveal that it
takes about one second after the valves are opened for the pressures to reach the
maximum value. A decrease in the amplitude of the motion occurs after approximately
2 seconds, with the model presenting a slightly positive mean roli angle. The major
advantage of pulsed blowing appears to be the fact that it is able to suppress wing
rock without creating a large forebody asymmetry and, of course, for a given blowing
coefficient, the required total mass flow for a given time period is less than that for
continuous blowing. Figure 74 shows the yawing moment for the model in a static
position. For the range of the useful pulsing frequencies (6 to 9 Hz), the yawing
moment is almost zero, indicating that pulsed blowing interrupts the communication
between the vortices without creating large asymmetries.

5.5 i i ression
5.5.1 Side Force Changes

The side force after blowing has stopped the wing rock motion at a. = 25° and
a = 30° can be seen in Figs. 75a and 75b, respectively. The three curves on each
graph correspond to left, right and simultaneous blowing. As expected, right blowing
produces a positive side force and left blowing produces a negative side force, but
these values are strongly dependent on the roll angle at which the model stops.
Referring back to Figs. 63 and 64, right and left blowing stopped the model at a
positive and at a negative roll angle, respectively. At o = 25°, simultaneous blowing
was able to stop wing rock at an almost zero roll angle, and Fig. 75a reveals that the
mean side force value is close to zero, indicating the absence of a large forebody
asymmetry. This trend is not repeated at higher angles of attack (Fig. 75b), where the
non-zero side force indicates an asymmetric flow field.

5.5.2 Forebody Pressure Changes

Figure 76 presents pressure distributions at different forebody stations after the
motion is stopped with right blowing and left blowing (o = 30°, tail off, Cu = 0.0028).
The pressures are plotted as a function of corrected azimuth, i.e., the difference
between the geometric azimuth angle and the roll angle at which the motion is
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stopped. The asymmetries created in each case are evident in stations 2 and 3. Left
blowing pulls the left vortex down, creating a lower pressure on that side of the
forebody, while right blowing does the opposite. The same trend for the tail on
configuration at station 3 is observed in Fig. 77. When blowing on the right side, the
motion is stopped at a positive roll angle, and the right vortex appears to assume a
lower position, as denoted by the lower pressure on that side of the forebody.

5.5.3 Wing Pressure Changes

The pressures on the left and right sides of the wing at the two Endevco
locations after left blowing is initiated (o = 30°, tail off, Cp = 0.0028) are depicted in Fig.
78a and 78b. When blowing on the left side, wing rock is stopped at a negative roll
angle, and the Endevco output shows that the left wing has a higher pressure at both
stations. The forebody pressure distribution showed that when blowing on the left side,
the left forebody vortex was pulled down. This vortex interacts with the left wing vortex,
making it burst earlier or lift off the surface, explaining the higher pressure over this
wing at these locations. It is important to emphasize that since the rolling moment is
zero (the wing rock motion has been suppressed), the total lift on both wings should be
equal (or nearly equal for the tail-on configuration if there is some influence of the
vertical tail on the rolling moment), so these pressures represent only local flow
characteristics. When the blowing is applied on the right-hand-side (Figs. 78¢ and
78d), the transducers show a lower pressure on the left wing at the forward station but
a slightly higher pressure on the left wing at the rearward Endevco station. This lack of
perfectly reversed asymmetry from the left to right blowing configurations shows that
the vortex flow field cannot be forced easily to equal and opposite asymmetric
conditions when starting with a highly asymmetric flow field. There is a substantial bias
in the flow that persists.

In general, the pressures over each wing are strongly dependent on the roll angle at
which the model stops. When forward blowing is used and wing rock is stopped at a
roll angle close to zero, the pressures over the left and right wings are almost equal

(Fig. 79).

6.0 CONCLUSIONS
6.1  Water Tunnel Test

The wing rock characteristics of a highly slender (NASP-type) configuration
were investigated in a water tunnel. Different means of suppressing wing rock by
controlling the forebody vortices were also explored. Several conclusions can be
made:

1. Wing rock for the highly-slender configuration tested is caused by the
forebody vortices interacting with the wing flow. While the wing vortices seem to
provide most of the rolling moments, the wing rock motion is controlled by the forebody
vortices.
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2. The presence of physical barriers such as a fuselage between the left
and right wing vortices prevents the type of wing rock observed on delta wings with the
same sweep. Furthermore, the vortex liftoff observed on slender delta wings during
roll or sideslip was not observed at similar conditions.

3. Steady blowing can suppress wing rock but only at the expense of the
creation of significant vortex asymmetries, resulting in a steady-state roll angle bias.

4, Alternating pulsed blowing on the left and right sides of the forebody can
potentially be an effective means of suppressing wing rock and eliminating large
asymmetric moments at high angles of attack.

The exact forms of interactions between the forebody flow and the other
components of a configuration are no doubt dependent on the specific configuration.
Nevertheless, it is believed that the concept of suppressing wing rock by controlling
the forebody vortex flow should be generally applicable for situations where the
primary cause of wing rock is the forebody vortices.

6.2 in |

The mechanics of wing rock and wing rock suppression by blowing were further
investigated in the wind tunnel test. Roll angle, forces and pressures were measured
in an effort to understand the phenomena and assess similarities and/or differences
with the wing rock experiment performed in the water tunnel. The main conclusions of
this investigation are summarized as follows:

1. The NASP-type configuration tested exhibits a strong wing rock motion
between 22° and 30° angle of attack, with a maximum amplitude that can exceed roll
angles of about +/- 40°. The frequency of wing rock (about 3 Hz at o = 30°) increases
with angle of attack, and, at each angle of attack, is not directly proportional to free
stream velocity, indicating that the total rolling moment coefficient is also changing with
velocity. The configuration also exhibits wing rock even when a mean sideslip angle of
-10° was introduced.

2. The amplitude of the wing rock motion is smaller for the tail off than for
the tail on configuration, and the onset of wing rock is delayed when the vertical tail is
not present. This is the major discrepancy with the water tunnel test results, where the
no tail case presents a larger amplitude. It seems that the interaction between the
forebody vortices and the vertical tail plays a major role in the wind tunnel test, with the
vertical tail enhancing the roll amplitude for angles of attack below 30°.

3. The angular velocity and the angular acceleration were obtained from
the roll motion. Phase plots of the angular acceleration, that is directly proportional to
the total rolling moment, showed undamped loops at small roll angles and damped
loops at large roll angles. The areas of the stabilizing and destabilizing loops are
equal, indicating the balance of energy necessary to sustain wing rock.
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4. Forces and pressures provided valuable data to understand wing rock,
and again, the interaction between the forebody and wing vortices appears to be the
principal contributor to this oscillatory motion. The side force change during the wing
rock reveals clear differences between the tail on and tail off cases, indicating also
some interactions between the forebody vortices and the vertical tail.

5. Aft blowing can stop the wing rock motion completely, but only when
blowing with Cp. = 0.0037. At lower blowing coefficients, the motion is totally damped
only for selected cases, although the amplitude of the oscillations is reduced in all
cases. The disadvantages of this technique detected in the water tunnel test are also
observed in this investigation: the motion is not stopped at a wings-level position and
large forebody vortex asymmetries are introduced. Forces and pressures after the
motion has been damped clearly show those asymmetries. In general, less blowing is
required to suppress wing rock when the vertical tail is off.

6. Forward blowing appears to control wing rock more effectively than aft
blowing, i.e., it suppresses the motion at the low blowing coefficient and the effects of
blowing on the right or left sides are aimost equal. No bias in the mean roll angle
between right and left blowing is observed. As in the water tunnel, alternating pulsed
blowing is also an effective means of controlling wing rock. Results are strongly
dependent on the pulsing frequency, with the optimum being 2-3 times the wing rock
frequency, and the flow field after the motion has been stopped appears to be
symmetric.

In general, the wing rock motions and the forebody vortex control suppression
results from the water tunnel and wind tunnel tests are in good agreement. The force
and pressure data obtained in the wind tunnel confirm the mechanisms causing wing
rock and wing rock suppression which were observed in the flow visualization
experiments performed in the water tunnel.
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Figure 13 -

b) Left blowing at C,, = 0.69 x 103

Flow Visualization of the Effect of Blowing on Mode! A at
o = 29°, a) Right Blowing, b) Left Blowing
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Figure 32 - Wing Rock Buildup at Different Angles of Attack
(q = 958 Pa, Tail Off)
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75



ROLL ANGLE [deg.]

ROLL ANGLE ([deg.]

50

40

30

20

10

50

40

30

20

10

WING ROCK AT ALPHA = 30°

TAIL ON
F +—e— RO ]
- .
1 ]
: 3
0.7 0.75 08 0.85 0.9 0.95 1.05 1.1
TIME (sec.}
WING ROCK AT ALPHA = 30°
TAIL ON
H | | 1
[ RUN 60 (14) [—e—row |} [ —e—ipruooor siroom |
: : ' : : ]
: ]
L p
:
3
1 T T 1
0.7 0.75 0.8 0.85 0.9 0.95 1.05 1.1

Figure 44 -

TIME [sec.]

1000

800

600

400

200

-200

[~=)
[‘oes;Gep] 10Q IHd

-400

-800

-1000

20000

b)
16000
12000

8000

4000

-4000

(;'2#s/°8%p] 100Q 1Hd

-8000

-12000

-16000

-20000

Anguiar Velocity and Acceleration at a = 30°

76



Normal Force Change During Wing Rock Motion
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Figure 45 - Force Measurements During Wing Rock, Tail On
a) Normal Force, b) Side Force
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a) Normal Force, b) Side Force
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Normal and Side Force Hysteresis Loops
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Forebody Pressure Distribution During Wing Rock Motion
PSI Station # 1 - Alpha = 30° - Tail On
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Figure 48 - Forebody Pressures During Wing Rock at o = 30°
a) Station #1, b) Station #3
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Forebody Pressure Distribution During Wing Rock Motion
PSI Station # 2 -- Alpha = 25° -- Tail On

) ! 1 ]
1 T T T T T T T T T T T ] T T T ] T T T
" AUNS6(8) ; 1
0.8 s [T U PSR OTU PPN OO O ST YOO SO SOU USSR - a)
L CYCLEA » ~—e—— ROLL =0° 1
P e ———— e e —8—— ROLL=16° | . e i
: ‘ ——— ROLL = 30°
- : —a— AOLL = 42° 1
cp 04
0.2
0
-0.2
-0.4
-0.6
-0.8
4 S— — e
I ‘ RIGHT -1 LEFT z :
L " L | L L " | " : | L s s | PR n
-1.2 T T 1 ]
0 72 144 216 288 360
AZIMUTH [deg.]
Forebody Pressure Distribution During Wing Rock Motion
PS! Station # 2 -- Alpha = 25° -- Tail On
! } | |
1 T T T ‘ T T T { T T T I T T T l T T T
T RUNS56(8) : ; -
0.8 ._ ................................... ................................... . ................. -
r  CYCLEA : 2 —+— ROLL=42° 1 b)
P R S — et s O —»— ROLL = 30°
. : . —&— ROLL = 16°
r : ——o— ROLL=0° §
cp 04
0.2
0
-0.2
-0.4
-0.6
-0.8
-1
.2 L s : % L . : i L i % . L " { "
0 72 144 218 288 360

AZIMUTH [deg.]

Figure 50 - Forebody Pressure Distribution During Wing Rock at o = 25°
(Cycle A, q = 958 Pa, Tail On, uncorrected azimuth)
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Forebody Pressure Distribution During Wing Rock Motion
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Forebody Pressure Distribution During Wing Rock Motion
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Figure 53 - Forebody Pressure Distribution During Wing Rock at o = 30°
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Wing Pressure Distribution During Wing Rock Motion
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EFFECT OF BLOWING ON WING ROCK
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EFFECT OF BLOWING ON WING ROCK
DATA FROM OGR STRIPS - TAILON -BETA=0°

‘ ROLL ANGLE SIGNAL START BLOWING

\/A\/A\,//A\/A\/A\/AVAVAU\/\/\/\/\/\/\/\/\/\/\/“

"~ BLOWING PRESSURE SIGNAL (RIGHT)
BLOWING PRESSURE /
SIGNAL (LEFT)

b
:O/LL ANGLE SIGNAL BLOWING PRESSURE SIGNAL (LEFT) )
A N A W R
\\/ VAVAVAVAYAVA -
START BLOWING Cmu = 0.0028

BLOWING PRESSURE
SIGNAL (RIGHT)

ROLL ANGLE SIGNAL

/\A/\/\

/vvvvv YAV WWWWY
BLOWING PRESSURE SIGNAL (LEFT)
—//L——-'

START BLOWING //LEEWING PRESSURE SIGNAL (RIGHT)
] 1 ] I 1 1 -
1 2 3 4 5 6

TIME [sec.]

Figure 62 - Effect of Aft Blowing on Wing Rock at o = 30°:

(Tail On, Cp = 0.0028); a) Left Nozzle, b) Right Nozzle , ¢)
Simultaneous

99



snosue)nwig (p ‘ ©|ZzZON
Wby (o ‘sjzzoN ye (q ‘Bumolg oN (8 (2£00°0 = 1D ‘UO |1eL)
'0G2 = 0 J& %00y Buim uo Bumoig Yv jo 108y3 - €9 aunbi

['208]) 3NIL ['oee) 3MIL
€ 1 X z sl 1 50 0 € [ t4 sl ‘ §°0 0
omn T T T L] T AS T Al T Y T T T Ll L] T T T T T ¥ L4 T 1
r (o 3
- or- OO UUUNE N U SONUUOOOUURNNY SSRDURTOUES SURRUOTUSORIU 3
S S S S N oc ! ;
TSN OSSN NSRS STTIOON N S 3 e SR N 1O AU VIS 3
4 1 s ]
m ..................................................................................................................... J o m v ........ .
e gt H ; ]
: ] 8 pr” ]
(SRR RIOS TSNS NSRRI SIS S S S 1 o M RSOSSN FOTTSVURVTUVOTS NN STOOUN WU I 3
o ] T ! ]
RSOSSN SOUUTRUUUOTUUIUTUUE SSUUOTUUVUUUUTIOE IO JRUUTUUISIURUIIURY UV 1 0z s SO SOV TRUTOTS SNV UUUOUUUTUOUR: SOUOUUNUUTUONE SRR ST ]
SRS S U SOOI RO SO 3 o¢ ]
r (098 £€00°0 = MWD ] Y {00k) 26000 = MU 3
r (H108) DNIMOTE 14Y ] or [ (LHOR) ONMONE L4V ]
{s1}ee Ny A Y (rd 9SS NN “
P 0s [ e o s RPN
NO IVl — .5C = YHdY . NO VL ~ ST = YHdTVY
AO0H ONIM NO ONIMOTE 40 103443 MNOOH DNIM NO DNIMOE 40 103443
[-oes] 311 {'o0e] 311
€ §Z z s 1 $°0 0
Oma ¥ T v A Al v T v T A A T
[ Am ]
or- I U SO UUUSTUUUUt SO RRPUIUOS SO URRUURUORE: SUBPIUSTOU PO S 3
_/>> ......... IS N 1
oz b Dl
o 3 w M M w N w w w w M ﬂ 3
|
2 ; w
IR NI R AN {
SIS ERNREE
04 m I I ZUUSUNS, S SO SN U S O SUUN. SN SO 1
ANV YIRVIRYE
0z & IR ]
. IRV IREYER DRI
w < \. v w ]
oy s
(sszny ]
0s o PN M Aa — NP

NO VL —- ST = YHdTVY

NO vl
30" ODNIM NO ONIMOTE 40 L3443 92 = VHAIV 1V ¥O0H ONIM

[‘6ep] 371ONY 10H

100

[‘Bep] ITONV TT0H



snosuejnwig (p ‘ 81zzoN
Wby (o ‘8jzzoN ye1 (q ‘Bumorg oN (e (££00°0 = 1D ‘'uQ |iey)

+00€ = J& 300y Buipm uo Bumolg Yy J0 1083 - p9 eInbi

[oes] amit [oes] 3miL
£ X b4 s'4 1 s0 0 € 52 z sl 1 50 0
- i } - v — bt — ] 0§
E i i P ] t @ ;
- L : 1 or S OO0 STV SUTOOTSS SOOI SN 3 or
o H ] o ]
N S S 1 oe N S S R S S 3 o
S S S N 1 oz . i oz
S S D S DS {1 o 2 s 1 o-
e - ; ]
F ] -~ [ 3
P e e b 1 o w F 1 o
S I oo @ gttt dgmiipyirsprn: S nonac oo s x vna BEY)
o T b b
E 1 oz & d 1 o2
PR N S S 1 oe . 1 oc
o (098) ££00°0 = gy ] L (09) £800°0 = ) 3
r (HLO@) DNWMONE LdY ] or r ULHO) ONIMOE LIV ] or
R eenng 02 vo N
S P 0s e VUl LU NP S S TN R
NO TVl — .0€ = YHdVY NO VL = .0€ = YHdITY
NJO0H ONIM NO ODNIMO18 30 123443 MNJ0H ONIM NO DNIMOTE 40 123443
['o00) 3z [‘o0e] 311
€ §'T 2z st 1 $0 0 ¢ ¥4 4 §'4
—r—— —r v —r—— —r—— 1 ——r——— 0s: v v -
L 3 o
b @ ; ;
- or- .
L 1 o y A ‘J ...........
r .......... 1 o .
t o : -3 4L redetiendologlos o1
: W - : ol 3
b p [l
F 1° 2
4 3 8
o iy 0 ™ ol bbb ity 4Py 7
: b T
s S I T R SO0 SRUNE: SO SO O SO S5 SO N S
S S W N S S O AUEL Y R ¥ N U LA Y A
o (09} Leoo'0 = ug ]
s L33V ONMONE LY 1 o
4 52 6 N
d s —d 4 o “ TN — PR BT
NO 1IVL — 0 = VHdY NO WVl
JO0H DNIM NO BNIMOTE 40 4103443

°0€ = YHdTV 1V JOOH DNIM

['8ep) 379NY TT0W

101

['8ep] I1ONVY 10U



EFFECT OF BLOWING ON WING ROCK
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WING ROCK AT ALPHA = 25°
TAIL OFF
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EFFECT OF BLOWING ON WING ROCK
DATA FROM OGR STRIPS - TAIL OFF - BETA =0°

ROLL ANGLE SIGNAL START BLOWING

a)

YRVAVAVAVA /\AL\[\/\/\J——~——’-'—

\ BLOWING PRESSURE SIGNAL (RIGHT)

BLOWING PRESSURE
SIGNAL (LE e
(LEFD) ALPHA = 25°
Cmu = 0.0028
ROLL ANGLE SIGNAL b)

BLOWING PRESSURE SIGNAL (LEFT)

DATAVAVAVATAA A

™~ sTART BLOWING ALPHA = 30°
Cmu = 0.0028°
BLOWING PRESSURV
SIGNAL (RIGHT)

——v—""’"-'-'_—’-—
! I ! ! 1 ! -
1 2 3 4 5 6

TIME [sec.]

Figure 70 - Effect of Aft Blowing on Wing Rock (Tail Of, Cu = 0.0028);
a) a = 25°, left, b) a = 30°, right
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30°

WING ROCK AT ALPHA
TAIL ON
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EFFECT OF PULSED BLOWING ON WING ROCK
DATA FROM OGR STRIPS - TAILON - BETA=0°

START BLOWING PULSING FREQUENCY = 6 Hz
BLOWING PRESSURE
SIGNAL (LEFT)
AOLL ANGLE SIGNAL
ALPHA = 30°
Cmu = 0.0028
START BLOWING BLOWING PRESSURE
SIGNAL (RIGHT)
1 ! 1 1 1 | -
Y 1 2 3 4 5 6
TIME [sec.]

Figure 73 - Effect of Alternating Pulsed Blowing at o = 30° (Tail On, 6 Hz)

INFLUENCE OF PULSING FREQUENCY
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Figure 74 - Influence of Pulsing Frequency
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Effect of Blowing on Sideforce

Alpha = 25° -- Tail On
| | i
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Figure 75 -  Effect of Aft Blowing on Side Force, a) o = 25°, b) a = 30°
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Effect of Blowing on the Forebody Pressure Distribution
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Effect of Blowing on the Forebody Pressure Distribution
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Effect of Aft Blowing on Forebody Pressure Distribution at o = 30°

(Tail Off, Cu = 0.0028); a) Station #1, b) Station #2, c) Station #3
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Figure 77 -

Effect of Blowing on the Forebody Pressure Distribution
PSI Station # 3 — Alpha = 30° -- Tail Off
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Figure 76 - Concluded

Effect of Blowing on the Forebody Pressure Distribution
PS| Station # 3 - Alpha = 30° -- Tail On
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EFFECT OF BLOWING ON WING ROCK
ALPHA = 30° -- TAIL OFF

15 [ ——r—Tr—t—TrTrTr—r—tTrrr 1'...r',‘50
E RUN 58 (6) [—o—-—nou_ ]
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Figure 78 - Effect of Aft Blowing on Wing Pressure Distribution at o = 30°;
(Tail Off, Cp = 0.0028); a-b) Left Nozzle, c-d) Right Nozzle
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ALPHA = 30° -- TAIL OFF

Figure 78 -
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Figure 79 - Effect of Forward Blowing on Wing Pressure Distribution at
a = 25° (Tail Off, Cu = 0.0028); a-b) Left Nozzle, c-d) Right Nozzle
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